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Abstract 

The  Specific  Aims  of  the  project  were  to  investigate:  1)  the  effect  of  single-walled  carbon 
nanotubes  (SWNTs)  with  different  surface  groups  on  the  inactivation  of  B.  anthracis  spores;  2)  the 
effect  of  SWNTs  coupled  with  near-infrared  (NIR)  on  B.  anthracis  spores;  3)  the  effect  of  SWNTs  in 
combination  with  antimicrobial  chemicals  on  inactivation  of  B.  anthracis  spores;  4)  the  effect  of  CNTs 
coated  surfaces  on  the  inactivation  of  B.  anthracis  spores;  5)  the  mechanisms  of  the  inactivation  effects 
of  SWNTs  to  B.  anthracis  spores.  Results  of  findings  and  their  significance:  We  found  that:  1)  SWNTs 
were  effective  in  inactivating  B.  anthracis  cells,  but  not  effective  to  B.  anthracis  spores.  Flowever,  SWNTs 
can  inhibit  the  biofilm  formation  from  B.  anthracis  spores  in  suspension;  2)  SWNTs  coupled  with 
oxidizing  agents  or  near  infrared  laser  enhanced  its  effect  to  inactivate  B.  anthracis  spores;  3)  Multi-well 
CNTs  (MWNTS)-coated  surfaces  enhanced  the  attachment  of  B.  anthracis  spores,  when  in  combination 
with  natural  peptide  nisin,  it  can  inhibit  the  biofilm  formation  from  B.  anthrancis  spores.  Overall,  the 
project  has  resulted  in  8  peer  reviewed  journal  publications,  3  M.S.  graduate  student  theses,  a  number 
of  national  conference  presentations  and  student  presentations/awards  at  college,  university  and 
local/regional  conferences. 


Results  of  Findings 

In  this  project,  we  have  successfully  completed  all  the  Research  Aims  and  obtained  satisfactory 
results.  Findings  include  the  following:  1)  SWNTs  were  effective  in  inactivating  B.  anthracis  cells  at 
concentrations  higher  than  100  pg/ml.  However,  SWNTs  did  not  show  inactivation  effect  on  B. 
anthracis  spores  at  concentration  up  to  300  pg/ml.  In  cell  inactivation,  the  efficiency  was  buffer- 
dependent,  which  SWNTs  did  not  show  inactivation  effect  in  PBS  buffer,  while  it  showed  inactivation 
effect  in  Dl  water  and  0.9%  NaCI.  The  inactivation  effect  was  also  SWNTs'  concentration-  and  treatment 
time  -  dependent.  The  inactivation  mechanism  was  likely  due  direct  contact  between  SWNTs  and 
bacterial  cells,  and  resulting  cell  membrane  damages.  In  addition,  SWNTs  treatment  did  not  induce 
sporulation  of  B.  anthracis.  [Aferichich,  et  al.  2012],  2)  SWNTs  in  combination  with  oxidizing  agents 
enhanced  the  inactivation  effect  to  B.  anthracis  spores.  We  investigated  the  sporicidal  effects  of  SWNTs 
combined  with  oxidizing  antimicrobial  chemicals,  FI2O2  and  NaOCI,  on  B.  anthracis  spores.  The  results 
indicated  that  treatment  with  SWCNTs  alone  exhibited  little  sporicidal  effect  on  B.  anthracis  spores, 
while  treatment  of  FI2O2  or  NaOCI  alone  showed  moderate  sporicidal  effect.  The  combination  treatment 
of  SWCNTs  (100  pg/mL)  with  H202  (1.5%)  or  NaOCI  (0.25%)  exhibited  much  stronger  sporicidal  effect  on 


1 


the  spores  compared  to  treatment  of  H2O2  or  NaOCI  alone  at  the  same  concentrations,  which  doubled 
the  log  reduction  of  viable  spore  number  (~3.3  log  vs.  ~1.6  log).  Such  enhanced  sporicidal  efficiency  was 
due  to  the  synergistic  effect  contributed  by  the  two  individual  antimicrobial  mechanisms  of  SWCNTs  and 
the  oxidizing  antimicrobial  chemicals.  [Lilly  et  al.  2012],  3)  carbon  nanotube  (CNT)-coated  surfaces 
enhanced  the  attachment  but  did  not  inactivation  of  B.  anthracis  spores.  We  tested  two  types  of  CNT- 
coated  surfaces— CNT  forest  and  CNT  sheet.  Both  surfaces  had  higher  hydrophobicity  than  their 
respective  substrates  and  enhanced  the  attachment  of  B.  anthracis  spores,  but  the  CNT-coatings  did  not 
inactivate  the  attached  spores.  The  results  indicated  CNT-coated  surfaces  had  their  potential 
applications  as  being  Bacillus  spore  adsorbents  for  removing  spores  from  fluids  without  releasing 
internal  contents  to  the  environment.  [Dong,  et  al.  2012],  4)  SWCNTs  coupled  with  near  infrared  (NIR) 
laser  treatment  for  inactivation  of  B.  anthracis  spores  in  suspensions.  We  found  that  the  treatment  of 
10  pg/mL  SWCNTs  coupled  with  20  min  NIR  significantly  improved  the  antimicrobial  effect  by  doubling 
the  percentage  of  viable  spore  number  reduction  compared  with  SWCNTs  alone  treatment  (88%  vs. 
42%).  The  treatment  also  stimulated  the  germination  of  surviving  spores.  Molecular  level  examination 
showed  that  SWCNTs-NIR  changed  the  expression  level  of  several  germination,  regulatory,  and  virulence 
related  genes.  [Dong  et  al.  2013],  5)  Multi-walled  CNTs  (MWCNTs)-coated  surface  in  combination  with 
natural  peptide-nisin  inhibited  biofilm  formation  from  B.  anthracis  spores.  We  found  that  nisin  coating 
on  MWCNT  sheets  was  highly  effective  in  reducing  the  germination  of  attached  spores  by  8.39  fold,  and 
inhibiting  the  biofilm  formation  by  94.6%  compared  to  that  on  uncoated  MWCNTs  sheet.  The  results  of 
this  study  demonstrated  CNTs  in  combination  with  nisin  had  a  potential  in  producing  anti-biofilm 
formation  surfaces.  [Dong  et  al.  2014],  6)  SWNTs  inhibition  biofilm  formation  from  B.  anthracis  spores 
in  suspension.  We  studied  the  inhibitory  effect  of  SWNTs  on  the  biofilm  formation  from  B.  anthracis 
spores.  Although  the  presence  of  50  to  100  pg/mL  of  SWCNTs  in  the  suspension  increased  the  spores' 
attachment  in  the  wells  of  96-well  plates,  the  presence  of  200  pg/mL  of  SWCNTs  in  the  germination 
solution  substantially  decreased  the  germination  percentage  of  the  attached  spores  by  93.14%, 
completely  inhibited  subsequent  biofilm  formation.  It  is  also  found  that  the  treatment  of  SWCNTs  in  the 
earlier  stages  of  biofilm  was  more  effective  than  those  treatment  given  at  late  stages.  Mature  biofilms 
were  highly  resistant  to  SWCNTs  treatment.  [Dong  and  Yang,  2014],  7)  The  fund  also  partially  supported 
us  to  explore  other  nanoparticles  for  inactivation  of  B.  anthracis  cells  and  spores.  We  investigated  the 
effect  of  Au/CuS  core/shell  nanoparticles  for  inactivating  B.  anthracis  cells  and  spores.  It  was  found  that 
Au/CuS  NPs  were  highly  efficient  in  inactivating  B.  anthracis  cells,  but  not  effective  to  the  spores. 
Treatment  with  NPs  at  ~0.83  pM  for  30  min  achieved  a  7  log  reduction  in  viable  cells.  The  antimicrobial 
effect  was  both  NPs  concentration  and  treatment  time  dependent.  SEM  imaging  and  the  efflux  of  DNA 
test  demonstrated  the  damage  of  cell  membrane  after  NPs  treatment,  yet  further  research  is  necessary 
to  fully  understand  the  precise  inactivation  mechanism.  [Addae  et  al.  2014], 
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